Introduction
Diketopyrrolopyrrole (DPP) and its derivatives were originally used to color plastics, surface coatings and color filters owing to their brilliant color and high stability.
1 In recent years, DPP derivatives have been recognized as new functional dyes in the field of material sciences. For example, DPP derivatives for light-emitting diodes 2 and dye lasers 3 have been developed by utilizing their efficient emission in the visible region.
Since DPP-containing polymers have good potential for use as charge carriers, they have been applied in organic solar cells 4 and organic thin-film transistors (OTFTs).
5
Since the properties of DPP derivatives strongly depend on the electron density of the aromatic groups attached to the central DPP core, efficient methods of introducing a desired substituent onto the aromatic groups are greately required to enable the discovery of new materials. Until now, most DPP derivatives have been synthesized by the reaction of a succinate ester and benzonitrile derivatives via a cyclization. 1 However, in the case of DPP with electron-donating groups, the synthetic method gives a low yield of the product. 2b, 3 Meanwhile, a Cl-substituted DPP, Pigment Red 254, is commercially available and inexpensive. This prompted us to investigate the postfunctionalization of DPP 6 at the aryl halide moieties by an organometallic catalysis 7 instead of by the conventional method. In the previous communication, we reported the synthesis of an amine-functionalized DPP from Pigment Red 254 by a Pd-catalyzed amination reaction. 8 Nowadays, a variety of cross-coupling reactions of aryl chlorides are available for constructing the desired structure. 9 Therefore, one can expect to obtain new DPP derivatives by the introduction of substituents via cross-coupling reactions, which should make it possible to elucidate the effect of substituents on the optical properties. Herein, we report the syntheses of a series of DPP derivatives by organometallic cross-coupling reactions. The DPP derivatives were investigated in terms of their solid-state structure, absorption, emission and electrochemistry to gain information about the relationship between these properties and the substituent on the aromatic ring. Since the optical properties in the solid state are highly dependent on the intermolecular interaction, 10 the solid-state emission of DPP derivatives is discussed in view of their aggregation behaviours.
Results and discussion

Syntheses of DPPs by cross-coupling reactions
The Cl-substituted compound 1 and the morpholine-substituted compound 2 were synthesized in accordance with the previous report (Scheme 1). 8 The introduction of benzyl groups into Pigment Red 254 resulted in good solubility in organic solvents and allowed the convenient functionalization of DPP by several organometallic cross-coupling reactions. The 1-octenyl and 4-butoxyphenyl groups were introduced by the Suzuki-Miyaura coupling reaction with 2-(2',6'-dimethoxybiphenyl)-dicyclohexylphosphine (SPhos) 11 as a ligand, which produces the corresponding compounds 3 and 4 with 95 and 93% yields, respectively.
SPhos is crucial for the activation at the aryl-Cl moiety under the mild conditions that are necessary to prevent the decomposition of the DPP moiety. The 1 H NMR spectrum of 3 exhibits a set of olefinic resonances at 6.33 and 6.38 ppm with a 15.8 Hz coupling constant, which indicates the trans configuration. Since the cis isomer was not observed in the crude product, the reaction occurred with the retention of the configuration of trans-1-octen-1-ylboronic acid. The configuration of compound 3 was also confirmed by the X-ray diffractional study (see below).
Scheme 1
Solid-state structure
The solid-state molecular structures of 1 and 3 were obtained by the X-ray diffractional studies. Single crystals of 1 suitable for the X-ray diffraction study were obtained by the slow diffusion of hexane into its solution in CHCl 3 .
12 The crystal structure of 1 is shown in Fig. 1a . Compound 1 crystallizes in the monoclinic space group P2 1 /c with an inversion center at the midpoint of C2 and C2*. In the crystal lattice, intermolecular π-π stacking of the phenyl ring is observed with a distance of 3.5 Å (Fig. S-1 in supplementary data). Single crystals of 3 were also obtained by the slow diffusion of hexane into its solution in CHCl 3 . 13 Similarly to 1, compound 3 crystallizes in the space group P2 1 /c but without an inversion center in the crystal structure. An ORTEP drawing of 3 shows the trans configuration of the olefinic moiety (Fig. 1b) . The packing diagram of the crystal indicates stacking of the olefinic moiety and a double bond in the lactam moiety ( Fig. S-2 ). Table 1 exhibits the selected bond lengths and angles of 1 and 3 as well as those reported for compound 2 for comparison. 8 In terms of bond length, the morpholine-substituted compound 2 has unique characteristics. Compound 2 has longer C1-O1 and C2-C3 bonds and shorter C1-C2 and C3-C11 bonds than those in compounds 1 and 3. This can be explained by the contribution of the resonance structure with the charge transfer shown in Scheme 2. In addition, the substituent affects the dihedral angle between the DPP core and the phenyl group bearing the substituents.
The dihedral angle increases with decreasing electron-donating ability of the substituent; 2 (28.1°) < 3 (33.6°) < 1 (45.0°). The electron-donating substituent increases the electron density on the phenyl ring, resulting in efficient conjugation between the DPP core and the phenyl ring. Scheme 2
In the case of compound 4, a single crystal suitable for an X-ray diffraction study could not be obtained. In most cases, crystallization processes gave a thin fibrous solid in contrast to the blockish crystals of 1-3. 
Electrochemistry
8
The cyclic voltammograms of 1-4 exhibit a reversible anodic redox couple (Fig. 3) .
Owing to the electron-withdrawing property of the Cl substituents, the reduction of 1 occurs at a more positive potential (E 1/2 = -1.62 V vs Fc + /Fc) than those of 2 (-1.87 V), 3
(-1.72 V) and 4 (-1.69 V). Since compound 2 has the most negative reduction potential owing to the electron-donating morpholine substituent, it is clear that the substituent affects the electronic state of the DPP core through the aromatic ring. In addition, only 2 exhibits an anodic redox couple at 0.27 V, which is probably due to the two-electron oxidation of the morpholinyl moieties. 
UV/Vis absorption spectroscopy and DFT calculation
The optical properties of compounds 1-4 are summarized in Table 2 . The UV/Vis absorption spectra of compounds 1-4 were measured in CHCl 3 (Fig. 4) . The electron-donating ability of the substituent affords a redshift of the absorbance maxima (λ max ), the order of λ max is 2 > 4 ≈ 3 > 1. This order also applies to the molar absorbance coefficient (ε). Indeed, the morpholine-substituted compound 2 has almost double the value of ε (4.23x10 4 Lmol -1 cm -1 ) than that of the Cl-substituted compound 1 (2.18x10 For in-depth understanding the relationship between the substituents and the absorption spectra, compounds 1 and 2 were examined by theoretical calculations. 6a After the optimization of the geometrical structures, time-dependent density functional theory (TD-DFT) calculations were performed at the B3LYP level with the 6-31G basis set implemented in the Gaussian 03 program suite. 14-15 Fig. 5 shows the optimized structures, HOMO and LUMO of 1 and 2. The HOMOs of 1 and 2 are localized on the DPP core and the phenyl ring. Although the contribution of the DPP core to HOMO is greater than the phenyl ring in both compounds, the considerable contribution of the phenyl ring is observed in compound 2. The extended conjugation of the π orbital in compound 2 is also confirmed by the small dihedral angle between the DPP core and the phenyl ring (22.2°) in the optimized structure (Table 1 ). The LUMOs of 1 and 2 are similar to each other. The TD-DFT calculation for 1 indicates a significant transition from the HOMO to LUMO with large oscillator strength (f = 0.514) in the low-lying electronic transitions. The calculated excitation at 477 nm of 1 is in good agreement with the measured λ max of 475 nm. The calculation for 2 indicates a lower-energy excitation (510 nm) and larger oscillator strength (f = 0.958) than those in 1. These results correspond to the redshift and large ε of 2 compared with that of 1 in the UV/Vis absorption spectra. To clarify the reason for the redshift, the energy levels of the HOMO and LUMO should be considered. While both the HOMO and the LUMO of 2 have higher energy levels than those of 1, the difference in the HOMO between 1 and 2 is more significant (0.91 eV) than that in the LUMO (0.74 eV). Therefore, the electron-donating property of the substituent strongly affects the HOMO of a DPP moiety, resulting in the redshift of the absorbance. Table 2 ). The fluorescence quantum yield is almost independent of the substituent on the phenyl ring. Fig. 5 shows the emission spectra of compounds 1-4. The wavelength of maximum emission (λ em ) has a similar dependence on the substituent to that of absorption (2 > 4 ≈ 3 > 1). Table 2 and Fig. 6 show the emission properties in the powder state. In the solid state, the substituents more strongly affect the emission intensity than they do in solution. The morpholine-substituted compound 2 exhibits negligible emission in the solid state (Φ f < 0.01). Although compounds 1 and 3
have significantly lower emission intensity in the solid state than in the solution state, compound 4 maintains its high quantum yield in the solid state (Φ f = 0.45). Compared with the solution state, all compounds exhibit a redshift of λ em in the solid state (Fig. 6 ).
Compound 4 exhibits a greatest redshift (78 nm) than the other DPP derivatives, and its λ em is almost the same as that of compound 2. In the solid state, π conjugation of the DPP to the butoxyphenyl group is likely to be larger than that in the solution state owing to the packing force. The extended π conjugation provides large Stokes shift in the solid state, which prevent reabsorption of the fluorescence. 16 That is a possible reason for high quantum yield of 4 in the solid state. The solubility of 4 (9.34 mM) in CHCl 3 is lower than that of 1 (20.7 mM) although 4 has a flexible butoxy group. The phenomenon is probably due to the tendency of compound 4 to aggregate owing to the extended π conjugation of DPP core and biphenyl moiety. Synthesis of 2,5-Dibenzyl-3,6-bis-(4-oct-1-enyl-phenyl)-2,5-dihydro-pyrrolo [3,4-c] pyrrole-1,4-dione (3) 2, 22.7, 29.0, 29.2, 31.8, 33.2, 45.8, 109.4, 125.9, 126.1, 126.5, 127.2, 128.7, 128.9, 129.3, 134.0, 137.5, 140.9, 148.4, 162.7 7.61; N, 4.07, Found: C, 83.53; H, 7.62; N, 3.94 .
Synthesis of 2,5-Dibenzyl-3,6-bis-(4'-butoxy-biphenyl-4-yl)-2,5-dihydro-pyrrolo [3,4-c] pyrrole-1,4-dione (4) A mixture of Pd (OAc) 0, 19.3, 21.6, 31.4, 45.9, 67.8, 109.5, 114.9, 125.8, 126.5, 126.7, 127.3, 128.1, 128.7, 129.5, 131.9, 137.5, 143.6, 148.5, 159.3, 162.8 , 6.32; N, 3.66, Found: C, 81.11; H, 6.39; N, 3.72 .
Electrochemical measurement
Electrochemical measurements were performed with a Hokuto Denko HSV-100 automatic polarization system. A conventional three-electrode configuration was used, with glassy carbon working (BAS electrode) and platinum wire auxiliary electrode (Tokuriki, special order) and 0.1 M AgNO 3 /Ag reference (BAS RE-6). Cyclic voltammograms were recorded at a scan rate of 100 mVs -1 . Fc + /Fc = +115 mV vs. 0.10 M AgNO 3 /Ag, and +425 mV vs. SCE.
Computational details.
The geometrical structures were optimized at the B3LYP level for 1-3 with 6-31G basis set implemented in Gaussian 03 programs suits. 14, 15 Using the optimized geometries of 1-3, TD-DFT calculations were performed at the B3LYP level to predict their absorptions.
Crystal structure determination.
Intensity data were collected on a Rigaku R-AXIS Rapid diffractometer with Mo Kα 
